Background and Objective: Polycystic ovary syndrome (PCOS) has been reported to be associated with the development of obstructive sleep apnea (OSA). The objective of this meta-analysis is to assess the relationship between PCOS and OSA. Methods: A literature search was conducted to identify studies linking PCOS with the risk of OSA. Studies in which the presence of OSA was confirmed with overnight polysomnography were included. Random effects models were used to calculate pooled relative risks. Results: Eight studies conducted in adults and five studies conducted in adolescents were identified. The pooled OSA prevalence was 0.22 (95% confidence interval (CI): 0.08-0.40) in PCOS patients. The pooled prevalence of OSA was higher in adults (0.32, 95% CI: 0.13-0.55) than adolescents (0.08, 95% CI: 0.00-0.30). Risk of OSA was significantly increased in adult patients with PCOS (odds ratio (OR) 9.74, 95% CI: 2.76-34.41). Risk of OSA was not significantly increased in adolescents (OR: 4.54, 95% CI:0.56-36.43).
Introduction
Polycystic ovary syndrome (PCOS) is among the most common endocrine disorders in women of reproductive age. The prevalence of PCOS ranges from 5 to 15% depending on the diagnostic criteria used (1, 2) . There is a general agreement that the diagnosis of PCOS requires the presence of at least two of the following three abnormalities: chronic anovulation, elevated levels of serum androgens or clinical manifestations of hyperandrogenism and polycystic ovaries on ultrasonography (3) . PCOS has its onset in early reproductive years and typically presents with irregular menstrual cycles, infertility and clinical signs of hyperandrogenism including hirsutism, acne and androgenic alopecia. Beyond initial clinical presentation, it is also associated with a substantial increase in risk for long-term cardiometabolic disorders including obesity, impaired glucose tolerance, type 2 diabetes, dyslipidemia, hypertension, coronary and other vascular disorders (4) . There is also a growing body of literature suggesting that obstructive sleep apnea (OSA) can be added to the list of cardiometabolic disorders in PCOS.
OSA is a relatively common and chronic sleep disorder characterized by recurrent complete (apnea) or partial (hypopnea) upper airway obstructions during sleep leading to intermittent hypoxia, cortical microarousals, sleep fragmentation and increased sympathetic neural activity (5) . The overnight polysomnography is the standard diagnostic test for OSA. Obstructive sleep apnea severity is typically assessed with apnea-hypopnea index (AHI), which is the total number of apneas and hypopneas per hour of sleep, recorded during polysomnography. The health consequences of OSA include excessive daytime sleepiness, cognitive dysfunction, decreased quality of life and increased risk of accidents. There is also strong evidence suggesting that OSA contributes to the development of hypertension, cardiovascular disease and abnormalities in glucose metabolism (6, 7, 8) . According to the available population-based studies, OSA associated with accompanying daytime sleepiness occurs in approximately 3-7% of adult men and 2-5% of adult women in general population (9) . Obesity, increased age and male gender are among the most important risk factors implicated for OSA (9) .
In a number of studies, prevalence of OSA in women with PCOS has been reported to be considerably higher than that in general population (10, 11, 12) . Although the pathophysiological mechanisms are not fully understood, obesity, insulin resistance and hyperandrogenemia, which are the main features of PCOS, are all proposed to play a role in the development of OSA in patients with PCOS.
The objective of this meta-analysis was to examine if there is an association between PCOS and the occurence of OSA and to assess the potential influence of obesity, insulin resistance and androgen excess on this association.
Materials and methods

Data sources and study selection
A systematic literature search was performed independently by two investigators to identify all studies published before September 2015 that investigated the association between PCOS and OSA. Electronic databases, including PubMed and Web of Science were searched using a combination of following terms: obstructive sleep apnea or OSA or sleep disordered breathing or SDB or sleep and polycystic ovary syndrome or polycystic ovarian syndrome or PCOS. The reference lists of relevant publications were also checked for additional publications that might be appropriate to include in the analysis.
Inclusion and exclusion criteria
Original studies reported in English and published as full text articles were included in the analysis. There were no country restrictions. All included studies used an objective measurement to assess the presence of OSA. Those studies using questionnaire-based methods for the presence of OSA were excluded.
Data extraction
Information was collected for each publication concerning the publication year, first author's name, study design, number, gender and age of the participants, diagnostic criteria for PCOS, method that is used to assess OSA, diagnostic criteria for OSA, mean levels of AHI, body mass index (BMI), waist-to-hip ratio, and levels of total and free testosterone, fasting glucose and fasting insulin.
Statistical analysis
Meta-analysis was performed using metafor package, version 1.9-5 in R 3.1.2 software. Freeman-Tukey double arcsine transformation that provides the confidence limits of proportions between 0 and 1 was applied for normalizing and variance stabilizing of the proportions sampling distribution. Odds ratio was used to assess the relationship between OSA and PCOS. Cochrane Q test and Higgins I 2 test were used to assess the heterogeneity among studies. When significant heterogeneity was observed among studies, random effects analysis based on the DerSimonian and Laird method was used to estimate the pooled odds ratios and 95% confidence intervals. Sensitivity analysis was performed by removing one study at a time and the meta-analysis was repeated to assess whether any individual study significantly affected pooled estimates.
Results
A flow chart indicating the procedure for identifying the studies is presented in Fig. 1 . Eight studies conducted in adults and five studies conducted in adolescents including a total of 404 PCOS patients and 611 control subjects were identified. Table 1 summarizes the characteristics of the studies included in the meta-analysis. One study did not specifiy the criteria used to diagnose PCOS (12) . In two studies, PCOS was defined by the presence of any two of the following three features: chronic oligomenorrhea, biochemical or clinical evidence of hyperandrogenism and polycystic ovaries on ultrasonography (13, 14) . In the rest of the included studies, presence of both chronic anovulation/oligoamenorrhea and hyperandrogenemia was the main criteria for PCOS diagnosis.
OSA was assessed by standard overnight polysomnography in all included studies. OSA was defined according to respiratory distress index, the number of apneas, hypopneas and respiratory effort-related arousals (RERA) per hour of sleep, in two studies (12, 13) . In the rest of the included studies, AHI was used to define OSA.
The pooled OSA prevalence was 0.22 (95% CI: 0.08-0.40) in PCOS patients as presented in Fig. 2 . The pooled prevalence of OSA was higher in adults (0.32, 95% CI: 0.13-0.55) than that in adolescents (0.08, 95% CI: 0.00-0.30). Data needed to calculate odds ratio were presented in only six studies (four studies in adults, two studies in adolescents). According to these studies, pooled risk of OSA is 8.3 (95% CI: 3.30-20.87) times higher in PCOS patients (Fig. 3) . The pooled risk of OSA was significantly increased in adults (OR: 9.74, 95% CI: 2.76-34.41), but because of the wide confidence interval, the results should be interpreted with caution.
Risk of OSA was not significantly increased in adolescents (OR: 4.54, 95% CI: 0.56-36.43).
We observed significant heterogeneity among studies. I 2 value was 94.1% (Q = 201.7, P < 0.001) for all included studies. The magnitude of the heterogeneity remained high when the analysis restricted to studies enrolling only adults or only adolescents. I 2 values were 94.2% (Q = 120.9, P < 0.001) and 92.9% (Q = 56.5, P < 0.001) for adult and adolescent studies, respectively. Sensitivity analysis showed that no study had a substantial effect on betweenstudy heterogeneity in adults. In adolescent studies, when the study by Nandalike and coworkers (15) was removed from the analysis, between-study heterogeneity significantly decreased (I 2 = 0%, Q = 0.29, P = 0.961).
At least 10 studies should be available to evaluate the influence of study-related factors on outcome and the potential source of heterogeneity by meta-regression analysis (16) . In this meta-analysis, because of the very small number of the articles in which the descriptive statistics of the potential confounders (BMI, waist circumference, waist-to-hip ratio, total/free testosterone, fasting glucose, fasting insulin) were presented, metaregression analysis could not be performed to assess the impact of these variables on the association between PCOS and OSAS. 
Discussion
Over the past few years, the role of PCOS in the development of OSA has been increasingly studied. Unfortunately, the current evidence is inconclusive because almost all studies on this topic have a crosssectional design with a small sample size, making it difficult to establish a causal link between PCOS and OSA. In order to determine the possible association between these two disorders and to provide an objective basis for clinical recommendations, we conducted a meta-analysis.
In this meta-analysis, we observed that risk of OSA is not significantly increased in adolescent patients with PCOS. In studies conducted by De Sousa and coworkers, AHI levels of adolescents with PCOS were not high enough to meet the OSA criteria (17, 18, 19, 20) . Although respiratory polysomnographic variables were not different between obese adolescents with PCOS and normal-weight or obese controls, they observed some differences in sleep architecture. Obese girls with PCOS had significantly lower sleep efficiency and higher sleep onset latency than both obese and normal-weight controls (17, 20) . In contrast, Nandalike and coworkers reported increased prevalence of OSA in adolescent girls with PCOS compared to age-and BMI-matched controls (16/28 (57%) vs 4/28 (14.3%), P < 0.01) (15) . This was a retrospective chart review study and study population included adolescent girls with PCOS who were referred for polysomnography because of sleep-related complaints. Besides that, the participants in the study of Nandalike were more obese than the ones in the studies of de Sousa. There were also racial and ethnic differences between the study groups (predominantly African American/Hispanic, African American, and Hispanic ethnicities in the study of Nandalike compared to a majority of Whites in the studies of de Sousa). Thus, the differences in the study populations, may be the cause of the discrepancy in the results of these studies. In another study, Nandalike and coworkers reported higher prevalence of sleep-disordered breathing and excessive daytime sleepiness in adolescent girls with PCOS compared with age-, sex-, race-and BMI Z-score-matched controls, but this study was based on screening questionnaires (21) .
In adult patients with PCOS, we observed that there is 9.74 times higher risk for OSA. This is consistent with the results of studies in which questionnaires are used to assess sleep disturbances in adult patients with PCOS. Tasali and coworkers assessed sleep quality, risk of sleep apnea and daytime sleepiness using three questionnaires and found that among 40 women with PCOS, 75% were at high risk for sleep apnea on Berlin Questionnaire, 63% had poor sleep quality as assessed by the Pittsbugh Sleep Quality questionnaire and 45 % had chronic daytime sleepiness as defined by the Epworth Sleepiness Scale (22) . Women with PCOS reported more daytime sleepiness (as defined by Epworth Sleepiness Scale) than did controls in two other studies (10, 11) . In one of these studies, the relation between PCOS and daytime sleepiness was reported to remain significant even after controlling for BMI (11) . In a more recent study, it was found that a significant number of reproductive-age women with PCOS were at high risk for OSA based on Berlin Questionnaire (23). This increased risk was present in only obese women with PCOS, indicating that BMI was the only independent predictor of OSA risk on Berlin Questionnaire (23). Another study, investigating sleep disturbances using a modified version of Jenkins Sleep Questionnaire in a community-based sample of women with and without PCOS, showed that sleep disturbances were almost twice as common in women with PCOS compared with women of similar age without PCOS and difficulty achieving and maintaining sleep were most problematic (24) . Findings about sleep architecture in adults with PCOS are conflicting. Significant differences in sleep-onset latency, sleep efficiency and percentage of REM were observed between women with PCOS and healthy controls in some but not all studies (10, 11, 22) . The discrepancy in the results of these studies may be because of the differences in the number and the BMI of the PCOS patients and the controls. The pathophysiological mechanisms leading to increased risk of OSA in PCOS have not yet been identified. These mechanisms may relate to the main features of PCOS, including obesity, insulin resistance and hyperandrogenemia. Obesity is a well-established risk factor for OSA (25) . Obesity may contribute to OSA through increased parapharyngeal fat deposition resulting upper airway narrowing, decreased thoracic compliance and reduced functional residual capacity due to the fat deposition in abdomen and around ribcage, and alterations in neural compensatory mechanisms and respiratory control system (9) . PCOS is frequently associated with obesity (26) , but some studies suggest that high prevalence of OSA in PCOS is not simply mediated through increased BMI. Vgontzas and coworkers showed that premenopausal women with PCOS were 30 times more likely to suffer from sleep disordered breathing than general population controls, and this difference remained significant even when corrected for BMI (11 PCOS, but there was no correlation between severity of OSA and the degree of obesity (12) . In patients with PCOS, obesity is typically central in nature (increased waist-tohip ratio) and central obesity has been shown to confer a higher risk for OSA than generalized obesity (27) . This was demonstrated in a study by Fogel and coworkers (10) . In this study, waist-to-hip ratio was significantly correlated with AHI. Consistent with these findings, Chatterjee and coworkers showed that mean waist circumference, also a marker for central obesity, was not only higher in PCOS patients with OSA than the ones without OSA, but also correlated positively with the severity of OSA (13) . All these studies have included mostly obese women, but in a study by Yang and coworkers, including only nonobese women, even though the AHI in the PCOS patients was not high enough to meet the OSA criteria, women with PCOS had more hypopneic-apneic events during sleep than the age-and BMI-matched control group, showing that risk of OSA in patients with PCOS is still increased without the direct effect of obesity (28) .
There are several reports suggesting that androgen levels can directly influence the prevalence and severity of OSA in both men and women (29, 30, 31) . High androgen levels may predispose to the development of OSA by increasing soft tissue deposition in the pharynx and effects on the ventilatory control mechanism, thereby influencing the patency of the pharynx and making it more collapsible during sleep (32) . Androgen excess is a defining feature of PCOS, but its role in the pathogenesis of OSA in women with PCOS remains controversial. In some studies, there were no significant correlations between androgen levels and the severity of OSA (11, 22, 33) . In contrast, Fogel and coworkers showed that AHI of obese women with PCOS correlated with both total and free testosterone levels (10) . Yang and coworkers demonstrated that even in lean women with PCOS without diagnostic criteria for OSA, total testosterone levels were positively correlated with AHI (28) . An association between the occurence of hyperandrogenemia and the presence of OSA was also found in a study by Tock and coworkers (14) . In this study, including 38 premenopausal women with PCOS, 50% of patients with high free testosterone levels were also affected by OSA, compared with only 15% of those without hyperandrogenemia. The AHI showed positive and significant correlation with free testosterone levels, even after adjusting for obesity. Chatterjee and coworkers also found a positive correlation between the severity of sleep disordered breathing and free testosterone levels (13) . Taken together, these data may suggest that androgens can influence the development of OSA in patients with PCOS.
Beside the higher levels of androgens, women with PCOS also have lower levels of progesterone. Data derived from the studies in which sleep was evaluated in relation to pregnancy, phase of menstrual cycle, menopause or hormone replacement therapy, suggests that progesterone has a protective effect against OSA (34, 35, 36) . Progesterone is considered to have a stimulatory effect on respiratory drive and also enhance the activity of upper airway dilator muscle (37, 38) . Low concentrations of progesterone due to chronic anovulation in PCOS, may contribute to the high prevalence of OSA in this disorder, but progesterone levels among women with PCOS and OSA have not been systematically evaluated in the studies.
Insulin resistance is considered to be another defining feature of PCOS (39) . There is also strong evidence that the presence and the severity of OSA per se is associated with impaired glucose tolerance and insulin resistance, independent of BMI or other measures of obesity (8, 40, 41) . Intermittent hypoxia, elevated activity of sympathetic nervous system and hypothalamo-pituitary axis and release of proinflammatory cytokines have all been proposed as potential mechanisms involved in the association of OSA and insulin resistance and glucose intolerance (42) . Studies in adults have suggested a relationship between OSA and parameters of glucose metabolism in women with PCOS. Vgontzas and coworkers found that PCOS patients had significantly higher plasma insulin levels and a lower glucose-to-insulin ratio than those who did not have clinically significant OSA, independently of age, BMI and testosterone levels (11, 43) . Accordingly, Chatterjee and coworkers found that fasting blood sugar was significantly higher in patients having PCOS with SDB (13) . Consistent with these findings, Tasali and coworkers demonstrated a correlation between the risk and severity of OSA and insulin levels and measures of glucose tolerance (22, 33) . They showed that fasting insulin concentration and HOMA index, measures of insulin resistance, were markedly higher in PCOS women with OSA than in PCOS women without OSA, even after controlling for age, BMI and ethnicity and argued that the insulin resistance in PCOS was determined by the presence of OSA (33) . In an other study in young, obese women with PCOS, successful treatment of OSA with continous positive airway pressure modestly improved insulin sensitivity after controlling for BMI (44) . Above findings suggest that although it is difficult to establish the exact direction, there may be an association between the insulin resistance in PCOS and the occurence and the severity of OSA. Eventually, it is plausible that in the presence of significant OSA, insulin resistance will be more severe in patients with PCOS.
There are several limitations of this study, which should be addressed. Most of the included studies are cross-sectional in design and have a small sample size. Secondly, one study in adolescents was based on patients referred for polysomnography (15) . Nevertheless, we chose not to exclude the study because the total number of the studies relating to PCOS and OSA was very limited. Thirdly, the diagnostic criteria for OSA was not uniform among studies. In one included study, AHI more than 10 events per hour was considered as diagnostic for OSA (11) . In other included studies, diagnostic AHI levels were more than 5 events per hour. There were also differences in the definitions of apnea and hypopnea among the included studies. Fourthly, there were also differences in the diagnostic criterias of PCOS among studies. One study did not specify the criteria used to diagnose PCOS (12) . In other included studies, the diagnosis of PCOS was based on either Rotterdam or NIH criteria. Finally, because of the very small number of the studies with available descriptive statistics, we were not able to perform metaregression analysis to determine the effects of the measures of obesity, insulin resistance and hyperandrogenemia on the association between PCOS and OSA.
To confirm the findings of this study, further studies focusing on community-based cohorts and free from clinical referral bias, would be useful to determine whether PCOS is an independent risk factor for OSA. Longitudinal studies, ideally with a large number of cases and controls, are needed to determine when OSA develops and which factors are involved in the pathogenesis of OSA in patients with PCOS. However, considering the fact that polysomnography is a complex, costly and time-consuming investigation requiring the overnight hospitalization of the patient, such studies are extremely difficult to perform.
In conclusion, this meta-analysis suggests that risk of OSA is increased in adult women with PCOS. The results of available studies are conflicting, but it seems that central obesity, hyperandrogenemia and insulin resistance, either alone or in concert, could be implicated in the development of OSA in women with PCOS. Considering the fact that successful treatment of OSA improves cardiometabolic function, it is of importance at this moment to diagnose OSA in patients with PCOS who already face a lifelong risk of cardiovascular disease and type 2 diabetes. Therefore, it would be wise for physicians who diagnose and treat PCOS to screen patients with clinical questionnaires for clinical features and symptoms associated with OSA and refer the ones who deemed to be at risk for further evaluation with overnight polysomnography.
